High-conductance, Ca 21 -activated and voltage-gated (BK) channels set neuronal firing. They are almost universally activated by alcohol, leading to reduced neuronal excitability and neuropeptide release and to motor intoxication. However, several BK channels are inhibited by alcohol, and most other voltage-gated K 1 channels are refractory to drug action. BK channels are homotetramers (encoded by Slo1) that possess a unique transmembrane segment (S0), leading to a cytosolic S0-S1 loop. We identified Thr107 of bovine slo (bslo) in this loop as a critical residue that determines BK channel responses to alcohol. In addition, the activity of Ca 21 /calmodulin-dependent protein kinase II (CaMKII) in the cell controlled channel activity and alcohol modulation. Incremental CaMKII-mediated phosphorylation of Thr107 in the BK tetramer progressively increased channel activity and gradually switched the channel alcohol responses from robust activation to inhibition. Thus, CaMKII phosphorylation of slo Thr107 works as a 'molecular dimmer switch' that could mediate tolerance to alcohol, a form of neuronal plasticity.
High-conductance Ca 2+ -activated K + (BK) channels are key to various physiological processes 1 . In most tissues, BK channels consist of poreforming (a, encoded by Slo1 or KCNMA1) and accessory (b 1-4 ) subunits 2 . The role of BK channels in a wide variety of processes is primarily ensured by slo isoforms and their post-translational modifications, which adjust the channels' biophysical characteristics to specific cell processes 3 .
Neuronal BK channels participate in repolarization and fast afterhyperpolarization of action potentials, setting neuron firing properties 4 . It has been speculated that a drug-induced increase in Ca 2+ -activated K + currents might contribute to the depression of central neurons by ethanol and by sedatives and/or hypnotics 5 . Indeed, acute exposure to intoxicating concentrations of ethanol potentiates BK channels in neurons and neuroendocrine cells 6 , decreasing excitability 7 and neuropeptide release and producing eventual diuresis 8 . In addition, ethanol potentiation of neuronal BK channels underlies alcoholinduced motor incoordination in Caenorhabditis elegans 9 .
Ethanol potentiation of BK channels, however, is not universal. Ethanol concentrations that activate neuronal BK channels inhibit aortic BK channels 10, 11 . Ethanol also inhibits BK currents in cerebral artery myocytes and thus causes cerebral artery constriction 12 , a major mechanism underlying ischemic stroke linked to binge drinking 13 . Although several of the pathophysiological and behavioral consequences of ethanol modulation of BK channels have been demonstrated, the molecular mechanisms that determine differential BK channel responses to ethanol remain unknown.
In isolated membrane patches from supraoptic neurons, ethanol potentiates nerve ending BK channels but not cell-body isochannels, suggesting that differential responses to ethanol are determined by differential targets and/or mechanisms located in the cell membrane 14 . Because Slo1 encodes for BK channel-forming subunits, differential responses to ethanol should be attributed to slo isoforms, differential association with b-subunits or other proteins, and/or differential posttranslational modification of the BK channel and associated proteins.
When expressed in Xenopus laevis oocytes, slo channels from mouse brain (mslo) are consistently and robustly activated by ethanol 15 . In the same system and under identical conditions, bslo channels from bovine aortic smooth muscle show heterogeneous ethanol responses: primarily inhibition and, much less frequently, refractoriness or even activation 11 . Thus, regions that are not conserved between slo isoforms seem to determine the differential channel responses to ethanol. Indeed, we demonstrated that the 'core-linker' (S0-S8; Fig. 1a ) is the primary determinant of BK channel responses to ethanol 16 . In addition, hslo (hbr1, from human brain) shows ethanol responses identical to those of mslo 17 . Primary sequence alignment of bslo, hslo (hbr1) and mslo (mbr5) shows a Thr107 in the bslo S0-S1 loop. In contrast, valine and alanine are found in equivalent positions in mslo and hslo, respectively (Fig. 1a,b) . Thus, we hypothesized that Thr107 and its differential degrees of phosphorylation are responsible for the heterogeneity of BK channel responses to ethanol. Moreover, because mslo and hslo contain nonphosphorylatable residues in positions equivalent to Thr107, the lack of a phosphate in the S0-S1 loop might render BK channels activatable by ethanol.
Channel protein phosphorylation is a widespread mechanism that controls channel function 18 and its modification by drugs, including ethanol [19] [20] [21] . Multiple phosphorylation sites in slo are targeted by different protein kinases, resulting in either channel activation or inhibition 22 . CaMKII is an abundant neuronal and vascular smooth muscle protein 23, 24 that is necessary for the induction of long-term potentiation in mammalian central neurons and several learning protocols 25 . As found for BK channels, CaMKII controls neuronal spike repolarization 26 and vascular smooth muscle tone 27 . By considering (i) the key roles of BK channels and CaMKII in controlling common physiological processes and (ii) a sequence of five residues in the slo S0-S1 loop that represents a consensus site for CaMKIIphosphorylation 28 , we determined the role of CaMKII phosphorylation of slo Thr107 in controlling the activity and ethanol responses of BK channels.
RESULTS

Mutation of slo Thr107 modifies channel ethanol responses
Primary sequence alignment of bslo and mslo showed that nonconserved regions occurred both in the S0-S1 loop and the S8-S9 linker. Considering that the vast majority of voltage-gated K + channels are refractory to modulation by clinically relevant concentrations of ethanol 29, 30 and that these channels lack the S0 segment, we mutated the threonine present in the S0-S1 loop that is not conserved between bslo and mslo.
Oocyte expression of bslo, mslo, bslo T107V (Fig. 2) or mslo V86T led to single-channel events that showed all the major characteristics of BK currents when recorded in inside-out (I/O) membrane patches using symmetric 130 mM K + solutions (Methods). First, at fixed free internal calcium concentrations ([Ca 2+ ] i ; 300 nM), the voltage-steadystate activity (that is, NP o ; see Methods) relationship of both mutant channels was described by a Boltzmann function in which the plot of ln(NP o ) versus voltage was linear at low NP o . Thus, the inverse of the slope (k) was the potential needed to produce an e-fold change in NP o (ref. 11): 13 ± 3 mV (n ¼ 6) and 16 ± 3 mV (n ¼ 6) for bslo T107V and mslo V86T, respectively. These values are similar (P 4 0.05) and fall within the range reported for mslo, bslo and other slo channels 11, 15, 17 . Second, the NP o of both mutant channels obtained at any given voltage increased similarly with increases in [Ca 2+ ] i (data not shown). Finally, both mutant channels showed similar high unitary conductance: 225 ± 23 pS and 208 ± 18 pS (P 4 0.05; n ¼ 6) in symmetric 130 mM K + for bslo T107V and mslo V86T, respectively. These values are similar to those reported for mslo and bslo channels under equivalent conditions 11, 15 . These similarities in k, Ca 2+ activation and unitary conductance reflect the high identity that exists in the amino acid sequences of the voltage-sensing Ca 2+ -bowl and pore regions across slo subunits 2 ; further, they indicate that the mutations did not modify critical aspects of BK channel function.
Acute ethanol administration (100 mM) reversibly increased mslo channel NP o in ten of ten I/O patches. In contrast, ethanol evoked varied responses in bslo channels: decreased activity in eight, increased activity in four and no change in four. After data from all samples passed a Kolmogorov-Smirnov normality test (P 4 0.1), parametric analysis determined that the averaged ethanol responses of mslo and bslo (196 ± 16.67% and 106 ± 11.3% of pre-ethanol controls) were different (P o 0.05), even when studied in the same batches of oocytes (Fig. 3a) . These data confirm previous findings 12 and support the idea that regions that are not conserved between these slo subunits are major determinants of the differential BK channel responses to ethanol.
Ethanol readily and reversibly increased bslo T107V channel activity without modifying current amplitude (Fig. 2) . Thus, drug action seems to be limited to modulation of channel gating. Ethanol, however, Out   In   T1  T2  S0 S1 S2 S3 S4 S5  S6   S7   S0-S8  core domain   mslo  bslo   S9-S10  tail domain   S8  S9  S10   N   N   P   C   bslo Y315V C RCK Linker Calcium bowl domain α-subunit Figure 1 BK channels are made of pore-forming a-(slo) and modulatory b-subunits. (a) Depiction of a BK channel heterodimer showing its a-and b-subunits. Four slo subunits are thought to assemble together to make a functional BK channel. The diagram indicates the slo pore region (P), the domain that regulates the conductance of K + (RCK domain), the Ca 2+ bowl, and the core and tail domains, with the last two being joined by the linker. In the S0-S1 loop, the primary sequence alignment of key amino acids from bslo, mslo and hslo is shown; nonconserved residues are underlined. In the P region, the point mutation that introduces resistance to external TEA block is indicated. Accession numbers are given in parentheses. (b) Putative secondary structure of the S0-S1 loop and adjacent structures from mslo (left) and bslo (right). Columns represent the probability of finding a given secondary structure, as predicted by the PSIPRED server. C, coil; H, a-helix. (Fig. 3b) . Thus, for both bslo T107V and mslo, ethanol increased channel NP o in all patches tested (n ¼ 22). Not only the frequency of bslo T107V channel activity, but also its average potentiation (247.8 ± 15.3% of controls), were similar to those found with mslo (P 4 0.05) (Fig. 3a) . In contrast, bslo T107V NP o responses to ethanol were markedly different from bslo responses (P o 0.001). These data demonstrate that the single mutation of threonine to valine is sufficient to modify bslo channel responses to acute ethanol exposure.
In sharp contrast to its consistent activation of mslo and bslo T107V channels, ethanol had varied effects on mslo V86T channel activity: decreases (eight patches), increases (eight patches) and no change (three patches), a pattern similar to that of bslo channels (Fig. 3b) . Furthermore, the average NP o of mslo V86T in the presence of ethanol reached 123.63 ± 13.44% of that in controls, a value similar to that of bslo (P 4 0.05) but different from that of mslo (P o 0.001) (Fig. 3a) . These data seem to indicate that the presence of a valine residue in the S0-S1 loop 'locks' slo channels into (or shifts the channel population to) a state that is readily activatable by ethanol.
Protein phosphatase switches channel responses to ethanol We used a sequence-and structure-based program for predicting eukaryotic protein phosphorylation sites (NetPhos 2.0 server) and found that slo Thr107, in contrast to valine, has a rather high probability (Z0.4) of being phosphorylated. This raised the possibility that different degrees of phosphorylation of Thr107 determine, or at least contribute to, the heterogeneity of bslo responses to alcohol.
Slo subunits contain several sites that may be phosphorylated by various cross-talking signaling molecules 22 ; this makes it difficult to determine, a priori, which phosphorylating signal should be probed so as to test the role of slo phosphorylation in modulating channel responses to ethanol. Thus, we first investigated whether nonselective dephosphorylation could lock slo channels containing Thr107 into an ethanol-activatable state. We treated I/O patches with alkaline phosphatase to dephosphorylate the bslo subunit (and nearby associated proteins; see Methods).
Alkaline phosphatase treatment increased channel activity to 192.6% of the values before alkaline phosphatase (n ¼ 10), as reported with native BK channels in bovine tracheal myocytes 31 . These channels contain slo subunits identical in sequence to those used in our study. Thus, accessory b 1 -subunits, which are tightly associated with bslo in the native channel 2 but absent in our expression system 11 , seem to be unnecessary for alkaline phosphatase to modulate bovine tracheal BK channels.
Before alkaline phosphatase treatment, the NP o responses of bslo channels to ethanol were typically heterogeneous and could be grouped into potentiation (that is, 'activatable channel population'; n ¼ 5) and refractoriness or inhibition (that is, 'nonactivatable channel population'; n ¼ 5) (Fig. 4a) . In this nonactivatable population, ethanol responses averaged 83.7 ± 9.2% of pre-ethanol controls. In sharp contrast, after alkaline phosphatase incubation of the same excised patches for 5 min, both activatable and nonactivatable bslo channels were activated by ethanol ( (10) bslo after AP treatment (10) bslo T107V before AP treatment (7) bslo T107V after AP treatment ( 45 min after phosphatase was removed from the bath. Rather, the switch in ethanol responses of bslo channels by alkaline phosphatase is probably a result of dephosphorylation of a target in the membrane patch, perhaps the slo subunit itself. Notably, after alkaline phosphatase treatment, ethanol activation of the previously nonactivatable population of channels was similar to its effect on the activatable population before the application of alkaline phosphatase (P 4 0.05) (Fig. 4a) . Furthermore, alkaline phosphatase did not modify ethanol responses in the activatable population of channels (Fig. 4a) . Thus, channels characterized by an ethanol response that was unmodified by alkaline phosphatase seem to remain in an ethanol-activatable state before being exposed to the phosphatase.
In contrast to the bslo results, alkaline phosphatase did not modify bslo T107V ethanol responses; NP o reached 223 ± 24.6% and 229.6 ± 18.9% of pre-ethanol controls (P 4 0.05; n ¼ 7) before and after dephosphorylating treatment. Therefore, alkaline phosphatasemediated dephosphorylation probably modifies bslo channel responses to ethanol by targeting Thr107. The results from the alkaline phosphatase experiments on bslo and bslo T107V support the idea that the dephosphorylation of Thr107 locks the channel population into a state or states readily activatable by ethanol. Next, we explored which phosphorylation signaling molecule was involved in modulating ethanol action.
CaMKII modifies BK activity and its modulation by ethanol
The sequence KEETV in the bslo S0-S1 loop is similar to RQES/TV, a CaMKII conserved motif 28 . Thus, we hypothesized that CaMKII phosphorylation before patch excision from the cell modifies slo Thr107 and, thus, channel responses to ethanol.
We first determined whether CaMKII could be detected in the intact cell under our recording conditions. Western analysis using polyclonal antibodies (Santa Cruz Biotechnology) identified an B50-kDa band corresponding to CaMKII (J.L., A.M.D. and S. Tavalin, unpublished observations). This finding is consistent with a previous report identifying CaMKII in Xenopus oocytes 32 . Next, we used KN-93, a rather selective CaMKII inhibitor 33 , to probe any involvement of the CaMKII phosphorylation of Thr107 in slo channel responses to ethanol.
After cells were incubated with KN-93 (20 mM for 15 min), all bslo channels were activated by ethanol, with average NP o increasing to 242.3 ± 12.9% of pre-ethanol controls (n ¼ 9; Fig. 5 ). This response was markedly different from the heterogeneous pattern and from the average response evoked by ethanol in the absence of KN-93 (P o 0.001; n ¼ 16). Furthermore, ethanol responses of bslo channels in the presence of KN-93 were similar to the responses evoked by ethanol in mslo and bslo T107V (P 4 0.05; Fig. 3 ), both channels lacking the phosphorylatable Thr107 in the S0-S1 loop.
In contrast, KN-92, an analog of KN-93 that does not inhibit CaMKII, failed to shift the bslo channel population to a state that was readily activatable by ethanol (n ¼ 9). Indeed, ethanol responses of bslo channels in KN-92 were similar to those in the absence of CaMKII inhibitor (P 4 0.05; Fig. 5) . Moreover, the ethanol responses of bslo channels in the presence of KN-92 were different from the ethanol responses of bslo channels in the presence of KN-93 (Fig. 5) , and also from the responses of mslo and bslo T107V channels (P o 0.01).
In contrast to the results obtained with bslo, the ethanol responses of bslo T107V channels were similar before and after KN-93 treatment (P 4 0.05) (Figs. 3b and 5). Together, these results strongly suggest that CaMKII modification of the ethanol responses of slo channels is a result of the phosphorylation of slo Thr107 by the kinase. Data obtained with selective inhibitors strongly suggest that endogenous basal CaMKII activity in the intact cell modulates ethanol responses of BK channels. We repeated these experiments with the different channel isoforms and mutants under a variety of treatments ( Table 1) .
To investigate, more directly, the role of CaMKII in modulating the ethanol responses of slo channels, we activated CaMKII in vitro with ATP + calmodulin and applied this phosphorylating complex (activated CaMKII + ATP + calmodulin) to I/O patches expressing bslo. After 5 min of incubation, we washed the patch in a complex-free bath solution for 45 min and then evaluated the action of ethanol on bslo channel currents. The application of CaMKII + ATP + calmodulin increased bslo channel currents to B167% of those in the control (n ¼ 5; Fig. 6a ,b, top panels), whereas the application of ATP + calmodulin repeatedly failed to increase current (n ¼ 6). In contrast to bslo data, CaMKII + ATP + calmodulin did not modify bslo T107V To further evaluate a direct role of CaMKII-mediated phosphorylation in the alcohol responses of BK channels, we next focused on the ethanol-activatable bslo channel population. Currents from this population (Fig. 6a) were typically inhibited by ethanol after CaMKII phosphorylation treatment when evaluated in the same I/O patch (Fig. 6b) . This result (Fig. 6) was replicated in four other patches, with average responses before (Fig. 6c) and after (Fig. 6d) CaMKII treatment shown as G/G max versus V Boltzmann plots 34 . The data demonstrate that neither ethanol nor CaMKII modified the voltage needed to produce an e-fold change in G/G max (given by k, the slope of the fit). CaMKII shifted the V 0.5 of the G/G max versus V relationship to the left: V 0.5 ¼ 122.8 ± 8.3 mV and 102.8 ± 6.8 mV in the absence and presence, respectively, of activated CaMKII (P o 0.05).
Ethanol substantially shifted the V 0.5 to the left before CaMKII treatment (Fig. 6c) and to the right after CaMKII treatment (Fig. 6d) (all k and V 0.5 values are detailed in Supplementary Note online). In brief, both CaMKII and ethanol modified bslo currents by producing a parallel shift in the G/G max versus V relationship. These data suggest that both modulators modify channel steady-state activity without altering the number of charges mobilized across the electric field to gate the channel.
The results clearly demonstrate that the ethanol potentiation of bslo currents is switched to ethanol inhibition after CaMKII phosphorylating treatment (Fig. 6) . This switch in ethanol responses is a mirror image of that caused by alkaline phosphatase (Fig. 4a) and KN-93 (Fig. 5) . Furthermore, as previously found with alkaline phosphatase or KN-93 treatments (Figs. 4b and 5) , CaMKII+ATP+calmodulin failed to modify the ethanol responses of bslo T107V channels, which reached 104.8 ± 12.8% of controls (n ¼ 6). Together these data suggest that it was the phosphorylation status of Thr107, secondary to CaMKII action, that determined the alcohol responses of slo channels.
CaMKII works as a molecular dimmer switch
The results seem to indicate that ethanol inhibits slo channels containing phosphorylated Thr107 while robustly activating channels containing dephosphorylated Thr107. Because BK channels are tetramers, the presence or absence of phosphate in different subunits could influence ethanol action, producing intermediate responses between robust potentiation and inhibition. Alternatively, the channel might respond to ethanol with a switch from robust activation to inhibition when a critical number of subunits is phosphorylated. To distinguish between these possibilities, we combined site-directed mutagenesis of Thr107 (to valine) with the mutation Y315V. The latter mutation in the extracellular vestibule of the channel (Fig. 1a) introduced resistance to external block by tetraethylammonium (TEA) in the assembled tetramer. Thus, by injecting oocytes with different molar ratios of bslo to bslo T107V Y315V (Methods), we determined the channel stoichiometry from measurements of unitary current amplitude in 2 mM external TEA, as previously described 34 . After establishing a correspondence between channel stoichiometry and current amplitude (Supplementary Figure 1 online) and taking advantage of channel open probability (P o ) determinations from all-points amplitude histograms 15 , we evaluated the action of ethanol on channel P o from tetramers made of different subunit combinations.
Channels constructed with different combinations of bslo and bslo T107V Y315V were treated with CaMKII + ATP + calmodulin (see above), and unitary currents were evoked before (Fig. 7a, left traces) and after (Fig. 7a, right traces) ethanol exposure. As expected, these traces showed a progressive reduction in unitary current amplitude in the presence of TEA as the number of bslo T107V Y315V subunits was decreased from four (top row) to one (fourth row). In all patches, CaMKII failed to modify TEA action (data not shown).
From patches containing a single channel of a given subunit combination, we could determine P o values, following CaMKII treatment, before and after ethanol application. This condition (that is, N ¼ 1) was very difficult to obtain owing to the well-known clustering of slo channels in the cell membrane 11, 15 . In four of four patches, the data obtained at constant transmembrane voltage (60 mV) and [Ca 2+ ] i (0.3 mM) indicated that the incremental phosphorylation, by CaMKII, of Thr107 in the bslo tetramer progressively increased basal P o : the P o values were 0.010 ± 0.007, 0.023 ± 0.004, 0.058 ± 0.006, 0.108 ± 0.005 and 0.218 ± 0.006 (mean ± s.e.m.; n ¼ 4) for tetramers having zero, one, two, three or four phosphorylated Thr107 subunits, respectively (Fig. 7a, left traces) . This increase in channel steady-state activity is likely a primary contributor to the increase in macroscopic current caused by CaMKII treatment (Fig. 6a versus 6b, top traces) .
Unitary current records showed the characteristic ethanol inhibition of channel activity after CaMKII treatment (Fig. 7a, bottom traces) , with average values reaching 72.4 ± 8.4% of control (ethanol responses from bslo channels were evaluated in the absence of TEA because this agent totally blocked bslo currents, as has been reported with mslo channels 34 ). This ethanol decrease in P o probably explains the ethanol inhibition of macroscopic current (Fig. 6) . Alcohol inhibition of channel activity was lost when only one bslo T107V Y315V subunit was present in the tetramer; after CaMKII treatment, P o in the presence of ethanol reached B130% that of controls (Fig. 7a , fourth traces from top, and Fig. 7b, second column) . Thus, ethanol inhibition of slo channels requires that all subunits in the tetramer be phosphorylated at Thr107. Our data indicate that CaMKII-mediated phosphorylation of this residue works as a molecular switch that shifts slo channel responses to ethanol from mild activation to inhibition (Fig. 7a,b) . The robust potentiation by ethanol of homotetramers containing un-phosphorylatable residues (valine) in the S0-S1 loop gradually decreased as bslo T107V Y315V subunits were progressively replaced by slo subunits with phosphorylated Thr107 (Fig. 7a,b) . Average values for ethanol potentiation were 262.1 ± 16.1%, 200.1 ± 16.4%, 157.3 ± 10.8% and 120.1 ± 7.9% of pre-ethanol controls for tetramers having zero, one, two and three phosphorylated T107 subunits, respectively. Notably, the rate at which the ethanol potentiation of bslo channels changed with varying stoichiometry was constant (Fig. 7b) , which suggested that increasing the number of dephosphorylated subunits did not introduce cooperativity in ethanol-induced channel activation. In conclusion, CaMKII phosphorylation of Thr107 works as a molecular dimmer switch, progressively diminishing the activating effect of alcohol and finally switching it to inhibition.
Mutations to negatively charged residues, such as aspartate and glutamate, have been used to imitate a phosphorylated residue in proteins. Owing to steric and intrinsic activity differences, however, these mutations do not always produce a functional correlate in the protein that exactly mimics the effects of a phosphorylated residue 35, 36 .
We mutated Thr107 to a phosphomimetic glutamate and studied ethanol action on bslo T107E channels. Glutamate was chosen over aspartate because it is widely accepted that the extra methylene group of glutamate provides a chain length that more closely resembles the side chain of a phosphorylated threonine.
In response to ethanol, the NP o of bslo T107E channels reached 132.4 ± 6.1% of controls (n ¼ 11). As expected for a phosphomimetic mutation, this response was different from that of bslo T107V in the same batch of oocytes (247.8 ± 17.7% of controls; P o 0.001; Fig. 7c ).
Although not identical to the ethanol responses of bslo in the presence of CaMKII, the ethanol responses of bslo T107E homotetramers (Fig. 7c , middle column) were statistically indistinguishable (P 4 0.05) from those evoked in heterotetramers containing two bslo T107V Y315V subunits (Fig. 7b, third column) . Thus, slo tetramers having a different subunit composition but the same number of negative charges in S0-S1 (that is, four) respond similarly to ethanol. In brief, the results obtained with bslo T107E partially mimicked the ethanol responses evoked in CaMKII-treated bslo channels, which is consistent with the idea that glutamate partially mimics a phosphorylated threonine. The results obtained with phosphomimetic bslo T107E support our conclusion that the phosphorylation of Thr107 progressively diminishes ethanol potentiation of BK channels.
DISCUSSION
A slo point mutation controls BK channel ethanol responses Acute ethanol exposure modifies the activity of several ligand-gated ion channels, with drug action being altered by changes in one or several amino acids in the channel protein [37] [38] [39] [40] [41] . In contrast, with the exception of G protein-coupled inwardly rectifying K + channel (GIRK2) 42 and Shaw2 (ref. 29) , most members of the K + ion channel superfamily are resistant to clinically relevant concentrations of ethanol 30 . Slo channels possess the S0 segment and S0-S1 loop, which are absent in all other voltage-gated K + channels 2 (Fig. 1a) . Notably, we identified a critical residue in the S0-S1 loop (Thr107) that controls mammalian BK channel responses to ethanol. This residue represents a primary site that links ethanol-induced conformational changes in the channel protein to channel gating. Our results can be interpreted in two ways. First, ethanol binds to the S0-S1 loop and, eventually, modifies channel gating. If so, the putative binding site should have very lax structural constraints. Our studies show that for ethanol to robustly activate slo channels, it is not important whether the 'binding site' contains valine (as in mslo channels), alanine (as in hslo channels) or dephosphorylated threonine (as in the bslo activatable population). Thus, amino acids differing in polarity, chain length or both should all bind ethanol. Second, ethanol does not bind to the S0-S1 loop but to a different site in the slo subunit, its lipid microenvironment or both. If so, mutations in S0-S1 that affect drug action should modify slo conformation and, thus, alter the conformational changes that occur uppon ethanol binding to a region other than the S0-S1 loop.
A major change in the secondary structure of S0-S1 by a point mutation is supported by modeling data, which show that mutating Thr107 to valine causes a shift from a predominantly coiled structure to a predominantly a-helix structure (Fig. 1b) . However, bslo treated with alkaline phosphatase (which shifts the Thr107 to its dephosphorylated state) and bslo T107V channels responded identically to ethanol (Fig. 4) , which suggests that the secondary structure of the S0-S1 loop per se is not a major determinant of ethanol responses. Rather, ethanol action probably involves additional structures outside the S0-S1 loop. Previous data with bslo-mslo chimeras 12 and the present data showing quantitative differences in ethanol responses between mslo and bslo T107V channels (Fig. 3) seem to indicate that the slo tail domain contains one or more modulatory sites that additionally regulate the responses of the slo channel to ethanol.
A study in C. elegans has identified two residues in slo that modify channel responses to ethanol and condition alcohol-induced motor incoordination 9 . One residue (cslo Ile1001), located in the S10 segment of the slo tail domain, is not conserved between C. elegans and mammalian species. The second (cslo Lys350), located in S6, is conserved among species, including mice, rodents, bovine and humans. Notably, C. elegans slo channels that are activated by ethanol contain a nonphosphorylatable residue (glutamic acid) in the S0-S1 loop, as found in our study (bslo T107V). The bslo isoform we used contains the S6 lysine residue, but a phosphorylated Thr107 renders the channels resistant to ethanol activation (Figs. 3 and 5-7) . Thus, our data suggest that in mammalian (or, at least, in the bovine) species, the role of the S6 lysine in ensuring slo channel activation by ethanol may be overridden by CaMKII phosphorylation of Thr107.
CaMKII modifies P o and gradually switches ethanol action Different kinases modulate BK channel activity 18, 22 , and phosphorylation sites for protein kinases A, G and C (PKA, PKG and PKC) have been identified in the slo tail 2, 3 . We now report a distinct region (the S0-S1 loop) that contains a critical residue targeted by CamKII phosphorylation, which leads to eventual modification of slo channel activity. We cannot totally rule out the possibility that CaMKII activates slo channels by phosphorylating an accessory protein(s) tightly associated to slo. Our data, however, demonstrate that bslo T107V channels are insensitive to CaMKII or alkaline phosphatase modulation. Thus, it is very likely that CaMKII activates bslo channels by directly phosphorylating Thr107 in the S0-S1 loop.
Consistent with the importance of Thr107 in CaMKII modulation of channel activity, a CaMKII inhibitory peptide fails to modulate mslo channels 43 , which have an alanine instead of a threonine at position 107. Mslo, however, is modulated by ATP, a process that might involve CaMKII 43 . Our data demonstrate that ATP does not directly modulate bslo channels, as the application of calmodulin and ATP did not modify bslo currents in I/O macropatches. Thus, it seems that CaMKII phosphorylation of bslo Thr107 does not occur constitutively in the excised patch. This result is in contrast to other kinases, which seem to remain active and modulate BK channels in excised cell-free patches 22 .
Bslo channels that have been targeted by CaMKII have higher basal activity and are inhibited by ethanol. Furthermore, progressive CaMKII phosphorylation of Thr107 in the channel tetramer gradually increases basal P o and diminishes ethanol activation. Thus, it could be argued that in the fully phosphorylated tetramer, the channel reaches a state of very high P o that cannot be further increased (but inhibited) by ethanol. Our studies, however, were conducted at low P o , as demonstrated by the linearity of the ln(NP o )-voltage relationship (see also P o values in Fig. 7a) ; this rules out the possibility that the channel reached near maximal activation before ethanol application.
Both ethanol and CaMKII phosphorylation of Thr107 increase slo currents without modifying channel unitary conductance. Modulation of channel function seems restricted to increases in steady-state activity, which occurs without modifying the voltage dependence of channel gating. It is conceivable that the action of ethanol on channel gating might result from alcohol mimicking a phosphorylation process on slo Thr107. The modification of channel function by ethanol, however, cannot be secondary to ethanol activation of CaMKII itself, because the alcohol was added to the patch long after the enzyme was washed out of the system. In addition, because the action of ethanol on channel function was evaluated several minutes after patch excision in the absence of nucleotides, we can rule out the need for the continuous presence of other cytosolic (de)phosphorylating agents in ethanol action.
Functional implications
BK channels critically determine vascular smooth muscle tone 44 and control fast action potential after-hyperpolarizations, setting the firing properties of neurons 4 . Moreover, activation of this channel type leads to depressed excitability in a variety of neurons and neuroendocrine cells 6 . As found for BK channels, CaMKII activity controls both vascular smooth muscle tone 27 and neuronal spike repolarization 26 . Thus, our findings provide a new potential mechanism-namely, the modulation of BK channel activity by CaMKII targeting of the slo S0-S1 loop-by which changes in CaMKII activity may alter vascular tone, neuronal excitability or both. Given the fact that all neuronal slo channels cloned so far, from C. elegans to human, contain nonphosphorylatable residues in positions equivalent to bslo Thr107, this single molecular determinant may help explain why neuronal BK channels are almost universally activated by ethanol.
The final response of a native BK channel to alcohol, however, results from a combination of factors. The expected activation in slo containing a nonphosphorylatable residue in the S0-S1 loop may be modulated by accessory proteins. For example, ethanol potentiation of BK channels in cell bodies of nucleus accumbens neurons in the rat has been related primarily to the overexpression of BK b 4 -subunits 45 . In contrast, in cell-free patches of rat cerebrovascular myocytes, ethanol produces a transient channel activation (o2 min), consistent with the presence of slo isoforms containing nonphosphorylatable residues in the S0-S1 loop (AY330293 and AY330294). Activation is followed by inhibition, probably reflecting channel desensitization 12 . Superimposed on this dual drug action on the BK channel itself, ethanol robustly inhibits Ca 2+ sparks, which indirectly leads to BK channel inhibition. This indirect action seems to prevail over the initial channel activation, as inhibition of cerebral artery BK currents occurs as soon as ethanol is applied and is sustained as long as the drug is present, leading to cerebral artery constriction 12 .
Finally, the dimmer switch mechanism by which the CaMKII phosphorylation of slo Thr107 modulates the ethanol responses of BK channels might represent a form of acute tolerance for alcohol in mammals. Notably, CaMKII activity in astrocytes is increased following protracted ethanol exposure 46 . Thus, CaMKII might represent a signaling molecule operating in negative feedback mechanisms on BK channel responses to alcohol. The proposed dimmer switch mechanism, however, will be relevant in BK channels containing S0-S1 sequences similar to that of bslo. Bslo is found in bovine aortic smooth muscle and brain tissue (AY862880). In this particular species, the phosphorylation of bslo might represent a protective mechanism in response to high blood ethanol levels following the production of ethanol in the rumen (following food fermentation) or the absorption of ethanol added to food 47 .
In contrast, most slo isoforms from other species, including humans, lack phosphorylatable residues in the S0-S1 loop. Differential ethanol responses among slo channels, however, do not necessarily have to be interpreted as species specific. We have recently identified slo subunits in the bovine brain that have a short S0-S1 loop and contain nonphosphorylatable residues (AY862879), as do their human and rodent counterparts. Conversely, we cannot rule out the possibility that slo isoforms containing phosphorylatable residues in the S0-S1 loop will be identified in species other than bovine, raising the possibility that the mechanism described in our study could represent a rather generalized way to control BK channel responses to ethanol.
In conclusion, we have pinpointed a previously unidentified single residue in the slo subunit and a defined post-translational mechanism that determine BK channel activity and its response to alcohol. The presence of nonphosphorylatable amino acids in the slo S0-S1 loop in the vast majority of neuronal BK channels across species may provide a molecular basis for the widely reported activation of this channel type in neurons by intoxicating concentrations of alcohol.
METHODS
Mutagenesis, cRNA synthesis and protein expression. Mslo (mbr5) and bslo cDNAs were a gift from L. Salkoff and E. Moczydlowski. cDNAs inserted into pBluescript vector were cut with ClaI and NotI and reinserted into pBscMXT vector for expression in Xenopus oocytes. Slo mutants were constructed using Quickchange (Stratagene) and their sequences were confirmed at the University of Tennessee Molecular Research Center. Mslo and bslo cDNAs were linearized with SalI and XbaI and transcribed in vitro using T3 polymerase.
Following their removal and defolliculation 15 , oocytes were transferred into ND-96 saline 15 . cRNA (0.1-1 mg ml À1 ; 19-37 nl) was injected using an automated microinjector (Drummond). Tetramers with different bslo and bslo T107V Y315V stoichiometry were obtained by injecting oocytes with bslo and bslo T107V Y315V cRNAs at various molar ratios (from 1:1 to 1:50). Animal research protocols were approved by the Animal Care and Use Committee at the University of Tennessee Health Science Center.
Electrophysiological recordings. Before recording, the oocyte vitelline layer was removed as previously described 15 . Oocytes were placed into gentamicin-free, ND-96 saline 15 for 15 min. Single channel recordings were conducted 48-72 h after cRNA injection from I/O patches using patch-clamp techniques 15 Patch pipettes were pulled from glass capillaries (Drummond); the electrode shank was coated with Sylgard 184 (Dow Corning). Before recordings, pipette tips were fire-polished on a microforge (WPI), yielding tip resistances of 5-10 MO when filled with electrode solution. An Ag/AgCl electrode was used as ground electrode. After excision from the oocyte, the membrane patch was exposed to bath solution containing the desired concentrations of ethanol and Ca 2+ flowing from an automated perfusion system (ALA Scientific Instruments). Deionized 100% pure ethanol (American Bioanalytical) was diluted in bath solution immediately before experiments. Perfusion with urea isosmotically replacing ethanol was used as control perfusion. Experiments were carried out at 20 1C.
Currents were recorded using an EPC8 amplifier (List), low-pass filtered at 1 kHz and sampled at 10 kHz. Data acquisition and analysis were performed using pClamp 8 (Axon). The product of number of channels in the patch (N) and the open channel probability (P o ) was used as an index of channel steady-state activity 15 . Voltages given are the potential at the intracellular side of the patch.
To determine channel modulation by CaMKII phosphorylation of Thr107, macroscopic currents were evoked from a holding potential of À80 mV with 200-ms long depolarizing voltage steps (10-mV increments) from À40 mV to 160 mV in I/O macropatches. Steady-state current amplitude was determined 175-200 ms after the beginning of the voltage step. G/G max versus V plots were fitted to a Boltzmann function: GðVÞ ¼ G max =ð1 + e ðÀV + V0:5Þ=k Þ. Bath and electrode solutions had compositions identical to those described for single channel recordings.
Alkaline phosphatase treatment. Membrane patches expressing slo were excised from the cell in symmetric conditions at 0 mV. After 5 min of recording the channel NP o , the intracellular side of the I/O patch was placed near the micropipette mouth of a perfusion system from which bath solution containing either 100 mM ethanol or the isosmotic control was applied to the patch for r2 min, NP o being determined under alternative ethanol-containing or control perfusion. Alkaline phosphatase was added to the bath (final alkaline phosphatase concentration 33 IU ml À1 ) 3 min after recovery from the first ethanol application. After 5 min of alkaline phosphatase application, the bath solution was replaced with enzyme-free solution, and channel NP o (alkaline phosphatase-treated control) was determined. Then ethanol action was evaluated again and compared to alkaline phosphatase control values.
KN-93 and KN-92 treatments. After devitellinization, oocytes were placed into ND-96 saline containing 20 mM KN-93 (Calbiochem), a selective CaMKII inhibitor 33 , for 15 min. Then NP o was recorded in the absence and presence of ethanol. As control, we used KN-92 (Calbiochem), a biologically inert analog of KN-93.
CaM kinase II treatment. CaMKII (800 IU) (New England Biolabs) was diluted in 40 ml of reaction buffer containing 50 mM Tris-HCl (pH 7.5), 10 mM MgCl 2 , 2 mM DTT, 0.1 mM Na 2 EDTA supplemented with 0.1 ATP, 0.0012 mM calmodulin and 2 mM CaCl 2 , for 10 min at 30 1C. Activated CaMKII (20,000 IU ml À1 ) was put on ice for a few minutes, ready to be applied to I/O patches.
After patch excision, we evaluated channel NP o in ethanol versus the control. Only I/O patches containing bslo channels that were activated by ethanol were exposed to the CaMKII phosphorylating complex: 70 ml of 10Â CaMKII reaction buffer and 1,000 IU activated CaMKII were added to the bath solution and incubated for 5 min. Then the whole bath solution was replaced with CaMKII-free solution and, after an interval of 45 min, channel NP o was recorded before (isosmotic control) and after exposing the cytosolic side of the patch to ethanol.
To address the role of slo stoichiometry in CaMKII modulation of ethanol action, the activity of channels containing bslo T107V Y315V was determined in the presence of external TEA (2 mM). To better resolve the slo currents partially blocked by TEA from endogenous, mechanogated cation currents, these studies were conducted in 60 mM GdCl 3 34 .
Data analysis. Data are expressed as mean ± s.e.m.; n ¼ number of patches. Data were analyzed using pStat v.6 (Axon) and Instat v.3.05 (GraphPad). Statistical analysis was performed using one-way ANOVA followed by Bonferroni's test. Data were plotted and fitted using Origin v.6.1 (Originlab).
Note: Supplementary information is available on the Nature Neuroscience website.
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